Introduction
The positron is a very sensitive probe, which can be used in detecting vacancy-type defects in metals [1] [2] [3] . Since positively charged nuclei are absent at vacancy-type defects, positrons are trapped and annihilate there with the surrounding electrons, conveying the information on the local electronic environment around the vacancy-type defects, therefore the defect structure after deformation of metallic samples can be investigated with the positron annihilation technique [4] .
In the present work, the different types of defects are investigated which can be formed in FeSi as a result of the deformation temperature and the Si content. Alloying iron with silicon improves its magnetic performance by reducing the effect of magnetostriction, noise and energy losses, while the electrical resistivity increases.
Fe-Mn-Si-Cr-Ni-C is one of the promising shape memory alloys. The shape memory effect in FeMnSi alloys was first reported by Sato et al. [5] . The shape memory alloys (SMAs) are metallic materials, which have the ability to return to some previously defined shape when subjected to the appropriate thermal procedure. These materials can be plastically deformed at some relatively low temperature, and upon exposure to some higher temperature will return to their shape prior to the deformation. Materials that exhibit shape memory only upon heating are one-way shape memory alloys [6] . The FeMnSi-based shape memory alloys have attracted much attention in the recent time because of their low cost and excellent workability. The additions of Cr and Ni improve their shape memory effect (SME) and corrosion resistance [7, 8] . Their SME arises from the reverse transformation of stress-induced ε martensite (hcp structure) into γ austenite (fcc structure) upon heating by the movement of the Shockley partial dislocations.
Experimental
The chemical composition of the experimental FeSi alloys is shown in Table I . The production of the alloys is described in a previous publication [9] . Deformations were carried out by plane strain compression tests using a MTS machine with a maximum force capacity of 2500 kN. From the deformed and as-received material, samples with an area of 1 cm 2 perpendicular to the normal direction (ND) of deformation were prepared for positron annihilation measurements by mechanical polishing. The chemical composition of the Fe-Mn-Si-Cr-Ni-C alloy is given in Table II. These samples were cast in an air furnace, air cooled, reheated to 1200
• C and hot rolled on a laboratory mill from 20 mm to 2 mm and air cooled. In order to austenitize the samples, they were heated to 1100
• C for 15 min and water quenched to room temperature. After deformation the specimens were cut, mechanically polished and then electrolytically polished in a solution of 20% perchloric acid and 80% butylcellosolve.
Positron lifetime measurements were performed at room temperature using a fast-fast lifetime spectrometer with 205 ps resolution. A positron source
22 NaCl of about 10 µCi was sealed between two kapton foils with a thickness of 7.5 µm. Each spectrum contained at least 10 6 counts and was analyzed with the program LT by Kansy [10] . The samples were measured at room temperature, and subsequently isochronally annealed for 15 min from 100 up to 500
• C.
Results and discussion

Positron annihilation lifetime
The calculated and measured positron lifetimes for different types of defects in pure iron and other iron based alloys are summarized in Table III . Fe-3 vacancy cluster 232 [12] Fe-4 vacancy cluster 262 [12] Fe-6 vacancy cluster 304 [12] FeSi (2,3 and 4 wt.% Si 108 ± 3 well annealed) Fe75Si25 109 [13] Fe-Mn-Si-Cr-Ni(C) 107 ± 3
We have measured the value for defect free Fe, Fe-MnS-Cr-Ni and FeSi. The values of the defect free lifetimes for those materials varied between 107-110 ps.
FeSi
Three FeSi alloys with different Si content were studied. One set of samples was deformed at room temperature and another set of samples was deformed at high temperature (1000 • C). Room temperature deformed samples. Figure 1 shows the effect of deformation at room temperature on the positron annihilation lifetime and its intensities for the alloys with different Si content. The trapping of the positrons in the defects is saturated. The two main annihilation sites for the positrons are dislocations with lifetime τ 1 ≈ 150 ps and I 1 > 70%, and small vacancy clusters (200-250 ps) or at higher content of Si (4 wt.%), bigger vacancy clusters (320 ps). Because of the saturation trapping of positrons in defect sites, the concentration of defects cannot be calculated directly from the data of lifetime only. High temperature deformation. Vacancy formation is a result of the thermodynamic demand of creating more entropy at elevated temperature in order to lower the overall free energy of the system. In case of pure metals and their disordered alloys, the formation of vacancies is the solution to create more (configurational) entropy. For intermetallics (i.e., ordered alloys), there are two ways of entropy production: one is to increase disorder by introducing "wrong" atoms (or antisite defect (ASD)) through atom exchange between different sublattices; the other is to introduce vacancies. Vacancies can affect the electrical, optical, and mechanical properties of the materials.
The positron annihilation lifetime value for the three undeformed FeSi alloys is 108 ± 3 ps. For the 75% deformed alloys at high temperature (1000 • C), there are two lifetime components. Figure 2 shows the relation between the positron annihilation lifetime and the Si content. The value of the second component of the lifetime is around 185 ps. This value is related to existence of monovacancies [12, 14] . The other component, which is less than 100 ps, is the result of the annihilation of positrons in the defect free lattice. This reduced lifetime is a result of the trapping.
A quantitative analysis of the trapping rates and the vacancy concentration can be calculated using the two-state trapping model. Using the measured values for the positron annihilation lifetimes (τ 1 , τ 2 ) and their intensities (I 1 , I 2 ), the mean lifetime of positrons annihilation lifetimes can be calculated using the following relation:
(1) The positron trapping rate for vacancy κ v can be calculated as [12, 15] . Figure 3 shows the relation between the mean lifetime for positrons (τ m ) and the vacancy concentration C v with the Si content. It was found that at 3 wt.% Si there is a maximum value for τ m and the vacancy concentration.
Fe-Mn-Si-Cr-Ni-C
Using the positron annihilation techniques, the effect of isochronal annealing on the deformation-induced defects and phase transition in Fe-Mn-Si-Cr-Ni-C is studied. A set of deformed Fe-Mn-Si-Cr-Ni-C samples (2-20% deformation) was annealed isochronally (15 min) starting from room temperature up to 500
• C in steps of 100
• C. The positron-lifetime spectra were fitted using two components. The trapping component has a positron lifetime around 150 ps. This value is shorter than that of the vacancies, which is 180 ps [16] . This value is attributed to positron annihilation in dislocations [17] . The temperature dependence of the mean value of the positron annihilation lifetime τ mean is shown in Fig. 4 . The increase in deformation leads to an increase in the dislocation concentration and the τ mean . At 500
• C, a significant decrease in τ mean is observed. For the low deformed samples (2, 4%) annealed at 500
• C, most of the positrons annihilated in the defect free lattice, giving a lifetime near to 107 ps, which is close to the bulk value measured for these kind of alloys. This value is around 108 ps, which is the same value for the defect free samples. This means that the low deformed samples have almost no defects at 500
• C. For the samples of deformation higher than 4%, the τ mean is higher than 108 ps. This means that these samples still have defects at the annealing temperature 500
• C. Figure 5a , b shows the X-ray diffraction (XRD) data for the 4% and 10% FeMn-Si-Cr-Ni-C deformed samples at room temperature, and after the isochronal annealing at 500
XRD
• C. The 4% deformed sample has almost no ε phase at 500
• C (Fig. 5b) . If the deformation is small, the reverse movement of the Shockley partials is not impeded because only primary ε variants moved through the parent austenite under the influence of stress. The microstructure of the 10% deformation still contains ε martensite. When the strain is large, several ε variants will be activated and the intersection of ε plates will impede the back movement of the partials. In addition, the plastic deformation of the austenite will be initiated at higher strains, such as 10%. The presence of dislocations in the parent phase prevents the free motion of the interface. This influence of the amount of pre-strain was also described before in [18] [19] [20] . The intensity of the (002)ε , (100)ε peaks is higher for the 10% deformation compared to the one of the 4% deformation.
Conclusion
FeSi alloys
From the comparison of defects induced by deformation at room temperature and high temperature, it can be concluded that the type of defect depends on the deformation temperature. For the alloys deformed at high temperature the main defect is vacancy related. In case of the room temperature deformed alloys, it was found that the dislocation is the major defect, beside a small percentage related to the existence of vacancy clusters. Increasing the Si content increases the intensity of positrons trapped in vacancy clusters in the deformed alloys at room temperature.
Fe-Mn-Si-Cr-Ni-C
The increase in deformation leads to an increase in the dislocation concentration and the τ mean . At 500
• C, a significant decrease in τ mean is observed. At 500
• C the low deformed samples have almost no defects, while samples with a deformation more than 4% still have defects. The XRD shows that the intensity of the (002)ε, (100)ε peaks is higher for the 10% deformation compared to the one of the 4% deformation. The 4% deformed sample has almost no ε phase after the annealing at 500
• C. The 10% deformed sample still has ε martensite phase.
